The circadian clock controls many physiological parameters including immune response to infectious agents, which is mediated by activation of the transcription factor NF-κB. It is widely accepted that circadian regulation is based on periodic changes in gene expression that are triggered by transcriptional activity of the CLOCK/BMAL1 complex. Through the use of a mouse model system we show that daily variations in the intensity of the NF-κB response to a variety of immunomodulators are mediated by core circadian protein CLOCK, which can up-regulate NF-κB-mediated transcription in the absence of BMAL1; moreover, BMAL1 counteracts the CLOCK-dependent increase in the activation of NF-κB-responsive genes. Consistent with its regulatory function, CLOCK is found in protein complexes with the p65 subunit of NF-κB, and its overexpression correlates with an increase in specific phosphorylated and acetylated transcriptionally active forms of p65. In addition, activation of NF-κB in response to immunostimuli in mouse embryonic fibroblasts and primary hepatocytes isolated from Clock-deficient mice is significantly reduced compared with WT cells, whereas Clock-Δ19 mutation, which reduces the transactivation capacity of CLOCK on E-box-containing circadian promoters, has no effect on the ability of CLOCK to up-regulate NF-κB-responsive promoters. These findings establish a molecular link between two essential determinants of the circadian and immune mechanisms, the transcription factors CLOCK and NF-κB, respectively.
The circadian clock controls many physiological parameters including immune response to infectious agents, which is mediated by activation of the transcription factor NF-κB. It is widely accepted that circadian regulation is based on periodic changes in gene expression that are triggered by transcriptional activity of the CLOCK/BMAL1 complex. Through the use of a mouse model system we show that daily variations in the intensity of the NF-κB response to a variety of immunomodulators are mediated by core circadian protein CLOCK, which can up-regulate NF-κB-mediated transcription in the absence of BMAL1; moreover, BMAL1 counteracts the CLOCK-dependent increase in the activation of NF-κB-responsive genes. Consistent with its regulatory function, CLOCK is found in protein complexes with the p65 subunit of NF-κB, and its overexpression correlates with an increase in specific phosphorylated and acetylated transcriptionally active forms of p65. In addition, activation of NF-κB in response to immunostimuli in mouse embryonic fibroblasts and primary hepatocytes isolated from Clock-deficient mice is significantly reduced compared with WT cells, whereas Clock-Δ19 mutation, which reduces the transactivation capacity of CLOCK on E-box-containing circadian promoters, has no effect on the ability of CLOCK to up-regulate NF-κB-responsive promoters. These findings establish a molecular link between two essential determinants of the circadian and immune mechanisms, the transcription factors CLOCK and NF-κB, respectively. V irtually all aspects of an animal's biochemical, physiological, and behavioral functions are linked to circadian regulation. These functions include such fundamental biological processes as cell-cycle regulation, cellular response to genotoxic stress, and regulation of components of the immune system. Circadian oscillations in the symptom intensity of infectious diseases have been described and linked to variations in immune response. Many immune parameters exhibit daily variations, including the number of specific immune cells in circulation and plasma levels of cytokines (1) . Consistent with this variation, daily fluctuations in susceptibility to a powerful challenge to the immune system [i.e., to the administration of a bacterial lipopolysaccharide (LPS)] (2) were correlated with daily variation in the induction of proinflammatory cytokines (3) . A growing body of evidence shows that peripheral immune cells harbor functional molecular clocks. Thus, rhythmic expression of clock genes has been described in mouse peritoneal macrophages (4), jejunum (5) , and spleen and lymph nodes (6) . It also is becoming evident that disruption of daily rhythms affects immune response (7) . However, despite much evidence for the existence of cross-talk between the circadian and immune systems, the molecular mechanism that links these two pathways remains largely unknown.
The first line of an animal's protection against various pathogens is implemented by the components of the innate immune system, which provides immediate defense by inducing a strong inflammatory reaction mediated by activation of the transcription factor NF-κB (8) . In mammals, transcriptionally active NF-κB is comprised of homo-or heterodimers of different subunits belonging to the Rel family of transcription factors. In most cell types, NF-κB is represented mainly by the p65/p50 heterodimeric complex. In a nonactive form this complex is retained in the cytoplasm through interaction with the inhibitory protein IκB, the main negative regulator of NF-κB, which undergoes phosphorylation and degradation after immunostimulating treatment. NF-κB activation is triggered by a variety of microbial and viral factors via pattern-recognition receptors, such as Toll-like receptors (TLR), Retinoic acid-inducible gene 1-like receptors, and NOD-like receptors (9, 10) , or immunomodulators, such as TNF-α or other cytokines acting via their specific receptors. Ligand recognition leads to the recruitment of various adapter proteins, triggering the activation of the IκB kinase (IKK) complex followed by IκBα phosphorylation and subsequent degradation. The activated NF-κB complex enters the nucleus, binds to its consensus sites in promoters of specific genes (such as cytokines and various regulators of cellular survival and proliferation), and activates their expression (11) . Transcription of IκBα is tightly controlled by NF-κB and provides an autoregulatory negative feedback loop for this signaling pathway. Although NF-κB is a trigger of all immune responses and is critical for antimicrobial defense, its excessive or deregulated activation can lead to the development of pathological inflammation that may be a cause of acute and chronic diseases. Hence, NF-κB is considered a plausible target for both therapeutic activation and repression.
The mammalian circadian clock comprises a network of transcriptional and translational feedback loops that drive 24-hbased oscillations in RNA and protein abundance of key clock components (12) . At the core of the major circadian loop are two basic helix-loop-helix (bHLH)-PAS domain transcription factors, CLOCK and BMAL1, that form a heterodimer to drive rhythmic expression of genes harboring E-box elements in their promoter region. Numerous studies involving global temporal gene-expression profiling revealed that about 10% of the mammalian transcriptome displays 24-h periodicity in steady-state mRNA levels, suggesting that these genes are controlled by circadian transcription regulators (13) . Importantly, the list of clock-controlled genes includes many key regulators of cell cycle, DNA repair, genotoxic stress response, and immune function, and circadian oscillations in their concentration and/or activity would be expected to underlie daily variations in corresponding physiological processes.
In the current study, we describe a direct molecular link between the circadian and NF-κB pathways that is independent of circadian transcriptional regulation by the CLOCK/BMAL1 transactivator complex. We show that the two pathways are coupled through the CLOCK protein, which functions as a positive regulator of NF-κB-responsive promoters even in the absence of BMAL1. These data extend the function of CLOCK beyond the confines of traditional circadian transcriptional control and identify CLOCK as a modulator of the key regulator of immune response, transcription factor NF-κB.
Results

Daily Variations in Acute Response to Inflammatory Agents Correlate
with Variations in Transcriptional Activity of NF-κB. To test whether daily variations in susceptibility to inflammatory challenge correlates with NF-κB activation, we first compared the acute response of BALB/c mice to the TLR4 agonist LPS administered at two time points: at the middle of the light period of the daily cycle at Zeitgeber time ZT6 (in Zeitgeber time, ZT0 corresponds to the beginning of the lights-on period of the daily cycle) or at the middle of the dark period (ZT18). Systemic administration of LPS is highly toxic because the strong induction of proinflammatory cytokines results in septic shock (14) . Consistent with previous reports, mice challenged at ZT18 (during the active phase in nocturnal animals) tolerated LPS-induced acute inflammation much better than mice challenged in the middle of their rest period (ZT6) (Fig. 1A) .
To evaluate the extent of NF-κB activation in response to immune challenge and its correlation with daily variations in toxicity, we used BALB/C-Tg(IκBα-Luc) reporter mice, a model that allows direct monitoring of NF-κB activation in live animals. To avoid the high toxicity associated with LPS administration, we chose to use the TLR5 agonist CBLB502, an optimized, highly efficient, and nontoxic derivative of bacterial flagellin (15) . Both LPS and bacterial flagellin/CBLB502 induce NF-κB activation; however, because of different tissue specificities and the different spectra of cytokines produced in response to these ligands, the TLR5 agonist does not create a self-amplifying acute inflammation cascade.
Animals received a single injection of CBLB502 at either ZT6 or ZT18, and the level of NF-κB activation in liver was evaluated by in vivo luciferase imaging performed 1, 2, or 4 h later. Results show that TLR5-mediated activation of the NF-κB-responsive promoter was significantly higher in animals that were treated during their rest period (ZT6) (Fig. 1 B and C) . Consistent with results of in vivo imaging of κB-luciferase (κB-Luc) reporter activation, animals treated with CBLB502 at ZT6 also showed a higher level of induction of IL-1α mRNA, another direct target of the NF-κB transcription factor (Fig. 1D) . To confirm that the times at which we administered CBLB502 do in fact represent the daily peak and trough of NF-κB activation, animals were treated with the ligand at six different times of day and were monitored for IκB-Luc activation 3 h later. As shown in Fig. 1E , NF-κB activation displayed prominent daily variations with a maximum at ZT6. These data suggest that the severity of inflammatory response correlates with the intensity of NF-κB activation and that NF-κB activation is, in fact, under circadian control.
CLOCK Enhances NF-κB-Mediated Transcriptional Activation Independent of BMAL1. Numerous experimental data suggest that circadian control of various pathways depends on periodic transcriptional activation/repression of key components by the circadian CLOCK/BMAL1 transcriptional complex. However, activation of the NF-κB pathway does not involve transcriptional steps and is regulated largely at the level of phosphorylation-induced degradation of the inhibitory IκB subunit followed by translocation of the p65/p50 dimer into the nucleus. Therefore we hypothesized that circadian modulation of NF-κB activity may occur through a transcription-independent mechanism.
To gain insight into potential mechanisms underlying daily variations in NF-κB activity, we assessed the effect of the CLOCK/ BMAL1 transcriptional complex on κB-responsive promoters by transcriptional assays. HEK-293T cells were transfected with the κB-Luc reporter plasmid along with different combinations of p65-, CLOCK-and BMAL1-expressing plasmids. The coexpression Eighteen BALB/C-Tg(IκBα-Luc) male mice that were maintained on a 12:12-h LD cycle were injected s.c. with 1 ug CBLB502 at different times of the day. Three hours later animals were injected i.p. with D-luciferin, and luciferase signal was monitored in live animals using the Xenogen IVIS 50 system. Shown are representative images for each time group. Maximum IκB promoter activation is detected in animals treated at ZT6. (F) Quantitative analysis of in vivo images. Values are mean of three animals ± SD. There is a statistically significant difference in IκB-Luc activation in animals treated at ZT6 and animals treated between ZT10-ZT18 (P < 0.001; one-way ANOVA with post hoc Tukey's test).
of CLOCK/BMAL1 alone had no effect on κB-Luc reporter activity ( Fig. 2A) . Overexpression of ectopic p65 resulted in strong promoter activation that was increased modestly by coexpression with CLOCK/BMAL1. Surprisingly, when CLOCK and BMAL1 each were expressed separately with p65, they demonstrated very different effects on κB-Luc reporter activation, so that CLOCK alone was responsible for the up-regulated p65-mediated transcription in a concentration-dependent manner. Furthermore, the promoter response to CLOCK/BMAL1/p65 coexpression was slightly less than to CLOCK/p65, indicating that BMAL1 may counteract CLOCK coactivity with p65 ( Fig. 2A) . To demonstrate that the CLOCK-mediated up-regulation of the reporter does not require BMAL1, we performed a similar experiment in mouse embryonic fibroblasts (MEFs) isolated from Bma1l −/− mice. As shown in Fig. 2B , ectopic CLOCK increased p65-mediated activation of the reporter even in the absence of BMAL1. A similar effect of CLOCK was observed when NF-κB activation was induced by treatment with TNF-α (Fig. 2C) . Importantly, the CLOCK-mediated increase in κB promoter activation correlated with a dose-dependent increase in a specifically phosphorylated (Ser536) form of p65, which is characteristic of the active state of p65 ( Fig. 2 D and E) (reviewed in ref. 16 ). The effect of CLOCK was not restricted to the kB-Luc reporter containing consensus elements from the IκB promoter; other NF-κB-responsive promoters (including a 1.2-kb fragment of human TNF-α and E-selectin genes) were coactivated by CLOCK in a similar way (Fig. S1 ). Together, these data indicate that CLOCK increases NF-κB-mediated transcriptional activation of responsive promoters independent of its circadian partner BMAL1.
CLOCK Is Found in a Protein Complex with p65. Our transcriptional data showing a functional interaction between CLOCK and NF-κB suggest that CLOCK may exist in a regulatory complex with p65. To test this assumption, coimmunoprecipitation assays were performed. Expression plasmids for CLOCK and BMAL1 were transfected into HEK-293T cells, and whole-cell lysates were resolved in SDS/PAGE along with anti-p65 (Fig. 3A) or anti-CLOCK (Fig. 3B) immunoprecipitations. Western blot results show that in both cases CLOCK is coimmunoprecipitated with p65. CLOCK-p65 interaction also was confirmed by coimmunoprecipitation assays performed in L929 cells with endogenous proteins (Fig. 3C) . Consistent with the results of our luciferase assays, CLOCK interaction with p65 was independent of BMAL1, because it still could be precipitated with anti-p65 antibody when ectopically expressed in Bmal1-deficient MEFs (Fig. 3D) . Interestingly, less CLOCK was found in complex with p65 when BMAL1 was overexpressed (Fig. 3 A and D) . This phenomenon may be attributed to BMAL1-induced phosphorylation and proteolytic degradation of CLOCK (17, 18) , which may underlie the observed repression of the modulation function of CLOCK on κB-responsive promoters in the presence of BMAL1 ( Fig. 2A) .
NF-κB Activation Is Impaired in Clock-Deficient Cells and Livers of Clock −/− Mice. If CLOCK is, in fact, involved in the up-regulation of p65-dependent transcription, one might predict that activation of NF-κB target genes would be reduced in Clockdeficient cells. To test this prediction, we generated WT and Clock −/− MEFs stably expressing the κB-Luc reporter and compared their activation in response to TNF-α treatment. As shown in Fig. 4A , activation of the κB-Luc reporter was impaired in Clock-deficient MEFs compared with WT. Consistent with reduced response, nuclear accumulation of p65 in Clock −/− MEFs and its phospho-activation also were decreased significantly (Fig. 4 B and C) . Importantly, total p65 levels were comparable in WT and Clock-deficient MEFs under both basal and induced conditions (Fig. 4D ). These data were confirmed by immunostaining with anti-p65 antibody, showing reduced levels of nuclear p65 in Clock-deficient MEFs following TNF-α treatment (Fig. S2A ). An EMSA assay performed in the same cell lysates also detected a reduction in p65 binding to DNA oligonucleotides carrying kB-binding sites in Clock −/− MEFs (Fig. 4 E and F) . Most likely, this reduction reflects an overall decrease in the abundance of the active NF-κB complex in the absence of CLOCK rather than its specific effect on p65 affinity for DNA, because CLOCK has the capacity to exert strong up-regulation of the activity of a GAL4-p65 fusion protein on GAL4 promoter (Fig. 4G) . Together, these results suggest that CLOCK is required for full-scale activation of NF-κB and that CLOCK promotes an increase in nuclear transcriptionally active phospho-p65.
Because our in vivo data showed strong daily variations in NF-κB activation in response to the TLR5 agonist CBLB502, we sought to test whether CLOCK is involved in this regulation. To do so, we generated a genetic cross between BALB/C-Tg(IκBα-Luc) and Clock −/− mice. The progeny that were heterozygous for Clock and hemizygous for the presence of the IκB-Luc reporter (IκB-Luc +/− ; Clock +/− ) were treated with CBLB502 at ZT06, and NF-κB activation in liver was monitored by in vivo imaging 2 h later. As shown in Fig. 5 A and B, in heterozygous animals a reduction in Clock gene dosage resulted in significant downregulation of CBLB502-mediated activation of the κB-Luc reporter in liver. Consistent with this result, 2 h after CBLB502 treatment at ZT6 the plasma levels of IL-6 (one of the major NF-κB targets activated by CBLB502 administration) were much lower in Clock −/− mice than in WT mice and were comparable with IL-6 levels induced in WT mice treated at ZT18 (Fig. 5C ). To confirm these differences further, we isolated and cultured primary hepatocytes from WT and Clock −/− mice and treated them with CBLB502 in vitro. As shown in Fig. 5 D and E, the amount of DNA-bound p65 was impaired in hepatocytes of Clock −/− mice, and less nuclear p65 was detected by immunocytochemical staining (Fig. S2B) . Thus, deficiency in CLOCK in two different cell types (MEFs and primary hepatocytes) treated with two different immunomodulators (TNF-α and CBLB502) that trigger the NF-κB pathway via distinct reporter classes (TNF receptor and TLR5) reduces the ability of NF-κB to activate responsive promoters. These data suggest that CLOCK up-regulates NF-κB-mediated transcription in several different cell types. Thus, in addition to its role in the transcriptional regulation of circadian promoters in complex with BMAL1, CLOCK can enhance the activity of other key transcriptional regulators in a BMAL1-independent manner.
CLOCK-Mediated
Target Genes. The fact that CLOCK-dependent up-regulation of NF-κB-responsive genes does not require its dimerization with BMAL1 was our first indication that this function of CLOCK is distinct from its ability to activate E-box-containing promoters of circadian-regulated genes (Fig. 2) . To characterize CLOCK function on NF-κB-responsive promoters further, we tested the ability of mutant CLOCK protein (CLOCK-Δ19) to up-regulate the κB-Luc reporter in a manner similar to WT CLOCK. The Clock-Δ19 mutation was identified originally in an N-ethyl-Nnitrosourea mutagenesis screen for mutations affecting circadian behavior in mice (19) . The mutation results in deletion of 51 amino acids in the transactivation domain of the CLOCK protein (20) . CLOCK-Δ19 can bind DNA and dimerize with BMAL1; however, the complex is deficient in transactivation (21) . As a result, Clock-Δ19 mutant mice show reduced levels of expression of many clock and clock-controlled genes in various tissues (22) . Results of luciferase assays in HEK-293T cells treated with TNF-α showed that both WT CLOCK and CLOCK-Δ19 effectively coactivated κB-Luc reporter (Fig. 6A) . Consistent with this finding, the amount of DNA-bound p65/p50 complex in primary hepatocytes isolated from livers of Clock-Δ19 mice and treated with CBLB502 was indistinguishable from that of WT animals ( Fig. 6 B and C) . Also, staining for nuclear p65 did not reveal any differences between the two genotypes (Fig.  S2C) . Moreover, unlike cryptochrome (CRY)-mediated repression of E-box promoters, the regulatory function of CLOCK on NF-κB-responsive promoters was not affected by overexpression of CRY1 (Fig. 6D) . Together, these results suggest that CLOCK's function as a modulator of the transcriptional activation of NF-κB-responsive promoters is distinct from its transactivator function in complex with BMAL1 on E-box-responsive promoters.
CLOCK Cooperates with NF-κB Coactivators. CLOCK has been shown to exhibit intrinsic histone acetyltransferase (HAT) activity and to transacetylate histones (23), its transcriptional partner BMAL1 (24) , and the glucocorticoid receptor (25) . Acetylation of p65 is an important posttranslational modification that is involved in the up-regulation of NF-κB target genes. To test whether CLOCK exerts its effects on NF-κB-responsive promoters via p65 acetylation, we first tested the effects of CLOCK overexpression on the abundance of specifically acetylated Lys-310, a form of p65 that is required for its full activation potential (26) . The results of a Western blot assay showed more p65 acetylation in the presence of CLOCK (Fig. 7A) . To test whether the intrinsic transacetylase activity of CLOCK is required for the up-regulation of the κB-Luc reporter, we generated a CLOCK mutant lacking HAT activity (CLOCK-ΔHAT). 293T cells were transfected with the kB-Luc reporter gene and plasmids expressing full-length CLOCK or CLOCK-ΔHAT and were treated with TNF-α. The results show that the ability of CLOCK-ΔHAT to up-regulate the NF-κB-responsive promoter was similar to that of WT CLOCK (Fig. 7B) . These data indicate that the intrinsic HAT activity of CLOCK is not important for mediating the increased acetylation of p65 suggesting that CLOCK may recruit other, more potent HATs, such as p300 and/or CREB-binding protein (CBP) to NF-κB-responsive promoters. To address this hypothesis, a κB-Luc reporter assay was performed with expression plasmids of CLOCK, CBP, and BMAL1. As shown in Fig. 7C , both CBP and CLOCK up-regulated NF-κB-dependent transcription and, when expressed in combination, clearly demonstrate a cooperative effect. Consistent with previous data, BMAL1 negated CLOCK-mediated upregulation of NF-κB in this assay. 
Discussion
Circadian oscillations of physiological functions and immune response to infectious agents are two major adaptive control mechanisms that are regulated through the nuclear abundance of their corresponding multi-subunit transcription factors. Phenomenological indications of their functional interconnection are well documented in circadian studies and are likely to reflect adaptive benefits to the organism, although the rationale remains to be explained. Thus, previous studies have demonstrated that an animal's susceptibility to various infectious agents is time dependent and often is correlated with differential induction of pro-and anti-inflammatory cytokines (3). Our data support this phenomenon by demonstrating dramatic differences in mouse sensitivity to LPS at different circadian phases (Fig. 1A) . Moreover, it has been shown recently that deficiency in CRY proteins, core components of the molecular The circadian repressor CRY1 has no effect on CLOCK's ability to up-regulate NF-κB-responsive promoters. HEK-293T cells were transfected with 10 ng of Per1-Luc or kB-Luc reporters and various expression plasmids of clock proteins. CRY1 represses CLOCK/BMAL1-dependent transactivation on the Per1 promoter but has no effect on CLOCK-dependent up-regulation of the κB promoter in response to TNF-α. clock, increases susceptibility of cells to TNF-α-induced apoptosis resulting from impaired activation of NF-κB (27) . However, the exact molecular mechanisms underlying cross-talk between circadian and NF-κB pathways have not been understood. Here we provide evidence that the two pathways are linked through the activity of the core circadian protein, CLOCK. CLOCK always has been viewed as the essential component of the major circadian transactivation complex that dimerizes with BMAL1 to drive rhythmic expression from E-box-containing promoters. We now demonstrate that CLOCK also functions as an enhancer of the transactivation potential of NF-κB and that this modulatory function of CLOCK does not require BMAL1. Consistent with this finding, CLOCK is found in protein complexes with the p65 subunit of NF-κB, although we do not know whether this physical interaction is direct or if it is required for their functional cooperation. Furthermore, the NF-κB response is reduced significantly in Clock-deficient cells and in the tissues of Clock-knockout mice. We also provide evidence that the role of CLOCK as an enhancer of NF-κB signaling is independent of specific transactivator functions that are required of CLOCK in BMAL1-dependent regulation of circadian genes. Together, these findings demonstrate a mechanistic link between key regulators of immune response and circadian function.
Although our work defines CLOCK as a modulator of the transcriptional activity of NF-κB, the exact molecular mechanism(s) of CLOCK/NF-κB interaction and subsequent up-regulation of NF-κB-responsive promoters requires more in-depth studies. Transcriptional activation is a dynamic process involving gene-specific activators binding to their response elements, chromatin remodeling, and recruitment of a series of coactivators that generate protein bridges between transcription factors and basal transcription machinery. Generally speaking, in its role as an enhancer of the functional activity of other transcription factors, CLOCK resembles the best-studied transcriptional coactivator, steroid receptor coactivator 3 (SRC-3), with which it shares sequence and functional similarities. CLOCK possesses intrinsic HAT activity; a nuclear receptor-interacting domain; and potential CBP/p300-and methyltransferase-interacting domains (28) , suggesting that it may acetylate p65 directly or recruit other transcriptional regulators to NF-κB-responsive promoters. Our transcriptional assays show that full-length and HAT-deficient CLOCKs are equally effective in up-regulating the NF-κB-responsive promoter, a finding that agues in favor of the latter option. This result also is consistent with our transcriptional assay showing functional cooperation of CLOCK and CBP in activating the κB-Luc reporter and with previously published data demonstrating the interaction of both CLOCK and its homolog NPAS2 with chromatin-modifying enzymes on E-box-containing promoters (29, 30) . It is noteworthy that recently CLOCK was identified as one of only three proteins that are recruited to sites of dsDNA breaks (31) . Although the detailed mechanism and functional significance of this finding have not been investigated, it represents another example of the BMAL1-independent function of CLOCK and suggests that CLOCK may be involved in DNA repair by recruiting chromatin-modifying or DNA repair enzymes to the sites of DNA lesions by a mechanism similar to NF-κB coactivation.
The fact that CLOCK, which is an integral component of circadian machinery, can cooperate with a key regulator of immune response in the absence of BMAL1 uncovers a regulatory level of circadian control of cellular responses. Our in vivo data demonstrate that NF-κB activation in response to bacterial flagellin/CBLB502 displays prominent daily variations, with a peak corresponding to the middle of the daily rest period, ZT6 (Fig.  1E) , and that these variations are determined by CLOCK. This conclusion may seem paradoxical, because it has been shown that during the circadian cycle the expression of CLOCK is nearly constitutive at both the mRNA and protein levels (32) . At the same time, many functional characteristics of CLOCK are regulated by BMAL1, which is subject to strong circadian regulation at multiple levels. Thus, BMAL1 mediates the nuclear translocation (17, 33) and site-specific phosphorylation/degradation of CLOCK (18) , both of which are tightly linked to the activation of responsive circadian promoters. These findings allow us to speculate that the sharp peak in CLOCK-mediated upregulation of NF-κB-responsive promoters observed at ZT6 may coincide with the daily peak in BMAL1-dependent shuttling of CLOCK into the nucleus, thereby generating an abundant pool of "active nuclear CLOCK" available for cooperation with other transcriptional regulators on noncircadian promoters. After being recruited to E-box promoters, CLOCK availability is decreased dramatically by transactivation-dependent degradation (33) , possibly leading to a decrease in the transactivation potential of NF-κB. Although this hypothesis has yet to be tested, it is supported by the timing of the effect of CLOCK on the NF-κB response, by BMAL1-dependent repression of CLOCK modulation of the NF-κB response, and by several reports showing less nuclear CLOCK at times of higher CLOCK/BMAL1-dependent transcriptional activation of circadian promoters (17, 32, 33) . Although at this time it cannot be concluded that the previously observed impairment of NF-κB activation in the absence of CRYs occurs through the mechanism that we have described, the reversal of this phenotype by the down-regulation of BMAL1 (27) and the demonstration of the formation of a ternary complex involving CLOCK, BMAL1, and CRY1 (34) are consistent with our hypothetical model.
Other important questions that remain to be answered include the broader applications of CLOCK modulator functions, whether CLOCK cooperation with NF-κB is ligand-and/or tissue-specific, and whether CLOCK can cooperate with other transcriptional regulators. Our data show that CLOCK up-regulates several different NF-κB-responsive promoters (synthetic and endogenous) in two different types of tissues (MEFs and primary hepatocytes in liver) in response to two stimuli (TNF-α and TLR5 agonist). Because all immunostimulators induce acute activation of NF-κB, it seems reasonable that CLOCKmediated up-regulation of NF-κB-dependent transcription may represent a general mechanism that is independent of the type of immune challenge. At the same time, it is possible that some mediators of the immune response may be under direct circadian transcriptional control. A recent report suggests that the circadian clock controls the expression and function of another type of TLR, TLR9, which is activated in response to bacterial and viral DNA and leads to acute activation of NF-κB (35) . This control was attributed to the direct regulation of Tlr9 mRNA expression by the CLOCK/BMAL1 complex through putative Ebox elements in its promoter (36) . In our study, Tlr5 mRNA profiling did not reveal a circadian pattern in its expression (Fig.  S3) ; furthermore, the fast kinetics of NF-κB activation in response to CBLB502 argues in favor of a nontranscriptional regulatory mechanism.
The identification of CLOCK as an enhancer of NF-κB-mediated transcription, whose activity is distinct from the transactivation of circadian genes, has important translational applications. Although the induction of the NF-κB response is critical for antimicrobial defense, the response must be wellbalanced, because its excessive activation results in both acute toxicity and chronic diseases. It also is assumed that the most effective immune response correlates with the active period of an organism's daily cycle, because this is the time when the risk of infection from a variety of routes (food, wounding, sexual behavior, among others) is higher. Interestingly, our data demonstrate that the daily peak in NF-κB activation in response to bacterial flagellin/CBLB502 occurs at the middle of the rest period (ZT6 in nocturnal mice) and that this time coincides with the peak of LPSinduced toxicity. This finding suggests that the excess of nuclear CLOCK may promote NF-κB activation, leading to overproduction of inflammatory cytokines and systemic toxicity, whereas BMAL1 is important for reducing the scale of inflammatory response by downregulating the CLOCK-dependent modulation of NF-κB activation. Thus, CLOCK and BMAL1 seem to affect the inflammatory response in different but interdependent ways. In line with this hypothesis is our initial observation of a high basal level of active NF-κB in MEFs of Bmal1 −/− mice (Fig. S4) , suggesting that BMAL1 deficiency may result in chronic inflammation. Chronic inflammation often is linked to pathologies such as arthritis, asthma, septic shock, lung fibrosis, glomerulonephritis, atherosclerosis, and premature aging (37) . In previous work we demonstrated that Bmal1 −/− mice develop a syndrome of premature aging, which was attributed to excessive production of reactive oxygen species (ROS) (38) . Our current work suggests that BMAL1 deficiency may cause an misbalance in ROS generation/neutralization not only through the deregulation of downstream transcriptional anti-and pro-oxidant CLOCK/ BMAL1 targets but also by promoting chronic inflammation via an NF-κB-dependent mechanism (39) . Because NF-κB is considered a plausible target for both therapeutic activation and repression, detailed mechanistic understanding of the relative roles of CLOCK and BMAL1 in regulating NF-κB activity may result in the development of novel therapeutic tools and strategies in treatment of immune disorders.
Materials and Methods
Animals. BALB/C-Tg(IκBα-Luc) reporter mice were obtained from Xenogen Corp. Clock-knockout mice were obtained from David Weaver (University of Massachusetts Medical School, Worcester, MA) and were transferred to the C57BL/6J background for 10 backcross generations. Clock-Δ19 mice were obtained originally from J. Takahashi (University of Texas Southwestern Medical Center, Dallas) and were backcrossed to the C57BL/6J background for 20 generations. WT C57BL/6J mice were purchased from Jackson Laboratory. All animals were housed at a 12:12-h light/dark (LD) cycle. All manipulations during the dark phase of the cycle were performed under infrared light. Escherichia coli LPS (005:B5) was injected i.p. at 20 mg/kg; CBLB502 was injected s.c. at a dose of 1ug/mouse. Animal husbandry is in compliance with NIH, USDA, and New York State Standards. All animal experiments were approved by the Institutional Animal Care and Use Committee of Roswell Park Cancer Institute.
In Vivo Bioluminescence Imaging. Bioluminescence imaging was performed using the IVIS 50 imaging system (Caliper Life Sciences Xenogen Corp.). One to three hours after immunostimulation with CBLB502, mice were injected i.p. with firefly D-Luciferin (150 mg/kg) (Caliper Life Sciences), anesthetized with isoflurane, and imaged 15 min later using an integration time of 10 s and medium binning. Data were quantified as the sum of photon flux within the region of interest using Living Image software (Xenogen Corp.).
Plasmids. Expression constructs encoding HA-tagged BMAL1, CLOCK, and CRY1 proteins were described previously (17) . TNF-nonresponsive expression plasmids encoding MYC-CLOCK were generously provided by Kunho Lee (Seoul National University, Seoul, Korea). Untagged-p65, GAL4-p65, and GAL4-Luc reporter are described in ref. 40 . The mPer1 reporter construct containing 1.8 kb of mPer1 promoter is described in ref. 41 . The κB-Luc reporter containing three tandem copies of the two adjacent NF-κB sites from the HIV enhancer is described in ref. 42 . The hTNF-Luc reporter was generously provided by Dmitry Kuprash (Engelhardt Institute of Molecular Biology, Moscow) and is described in ref. 43 . The CLOCK-ΔHAT construct was generated as described in ref. 23 . The CLOCK-Δ19 expression plasmid was provided by J. Takahashi. The pRc/RSV-mCBP-HA expression plasmid was acquired from Addgene.
Cells. HEK-293T and L929 cells were obtained from ATCC. MEFs were isolated from WT, Bmal1 −/− , and Clock −/− embryos at embryonic day 13 and were immortalized by a retrovirus-mediated expression of GSE56 (a fragment of p53 encoding for a peptide working as a dominant-negative inhibitor of p53) as described (44) . Cells were maintained in DMEM supplemented with 10% (vol/vol) FCS.
Transient Transfection, Luciferase Reporter Assay, Cellular Fractionation, and Western Blotting. HEK-293T cells were seeded in 24-well plates and transfected with various proteins encoding plasmids using Fugene 6 (Roche Diagnostics) according to the manufacturer's protocol. The amount of total DNA was equalized with pcDNA3 empty vector (Invitrogen). A β-gal expression plasmid driven by the TNF-nonresponsive RSV promoter was used to normalize transfection efficiency. When cells were treated with TNF-α (Sigma-Aldrich), it was added 18-24 h posttransfection for 5-6 h. Cells were harvested in Promega Reporter Lysis buffer and analyzed for luciferase and β-gal activity as previously described (18) . Results are representative of at least three experiments performed in duplicate. For Western blot analysis, whole-cell lysates were prepared 24 h posttransfection by boiling in 2% SDS. Nuclear extraction was performed using the Active Motif nuclear extraction kit following the manufacturer's specifications. Proteins were resolved by SDS/PAGE, transferred to nitrocellulose membrane, and probed with specific antibodies. HA-tagged proteins were detected with mouse anti-HA.11 (Covance Research Products). Anti-CLOCK and anti-BMAL1 were raised in guinea pig as previously described (18) . Antibodies against pSer535-p65 and Ac310-p65 were purchased from Cell Signaling. Monoclonal anti-Myc antibody 9E10, polyclonal anti-p65, and HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnologies. Transferred proteins were visualized with the ECL detection kit (Jackson Research Laboratories); the intensities of the autoradiographic signals were quantitated by scanning with an imaging densitometer, followed by integration of the signals using ImageJ software. Intensities of corresponding ACTIN bands were used to normalize for protein loading.
Coimmunoprecipitation. HEK-293T and MEF cells transfected with plasmids encoding various combinations of CLOCK, BMAL1, and p65 proteins were lysed in buffer [100 mM NaCl, 50 mM Tris·HCL (pH 7.5), 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS] supplemented with proteinase inhibitors mixture (Roche Diagnostics) and phenylmethylsulfonyl fluoride (Sigma). The lysate of equal amounts of protein was incubated at 4°C with primary antibody for 2 h and then with protein A/G beads for an additional 2 h, after which beads were washed with TBS washing buffer [50 mM Tris·HCl (pH 7.4), and 150 mM NaCl] supplemented with 0.1% Tween. Bound proteins were solubilized in SDS sample buffer for Western blot analysis.
EMSA and Electrophoretic Mobility Supershift Assay. Murine normal primary hepatocytes or MEF cells (2-2.5 × 10 6 for the each time point, 80% cell density) were treated with 100 ng/mL of CBLB502, a derivative of bacterial flagellin (Cleveland BioLabs, Inc.) or10 ng/mL of rhTNF-α (R&D Systems), respectively, for the indicated times. Before collection cells were washed twice with ice-cold 1× PBS buffer, collected by a cell lifter on ice, and centrifuged (500 × g at 4°C for 10 min). Cell pellets were snap frozen in liquid nitrogen and stored at −70°C until protein isolation. Nuclear protein extracts were prepared as described in ref. 45 with some modifications (46) . The binding reaction for EMSA contained 10 mM Hepes (pH 7.5), 80 mM KCl, 1 mM EDTA, 1 mM EGTA, 6% glycerol, 0.5 μg poly(dI-dC), 0.5 μg sonicated salmon sperm DNA, [γ-32 P]-labeled (2-3 × 10 5 cpm) double-stranded κB-consensus oligonucleotide (Promega), and 10 μg of nuclear protein extract. DNA-binding reaction was performed at room temperature for 45 min in a final volume of 20 μL. For the electrophoretic mobility supershift assay, antibodies against p65 or p50 (Santa Cruz) were added to the reaction before the addition of labeled oligonucleotide. DNA-protein complexes were analyzed on 6% PAGE with × 0.25 Tris/borate/EDTA buffer. Dried gels were subjected to radiography. The intensities of the autoradiographic signals were quantitated by scanning with an imaging densitometer (Canon 4400F), followed by integration of the signals using ImageJ software. Integrated intensities of the autoradiographic signals of the complex (arbitrary numbers) are presented as a percentage of the most abundant band that was set for 100%.
ELISA. WT and Clock
−/− male mice received a single injection of 1 ug of CBLB502. Two hours later blood samples were collected through retroorbital bleeding and plasma were separated using Microtainer Plasma Separation Tubes with Lithium Heparin (Becton Dickinson). The levels of IL-6 were measured using the Mouse IL-6 ELISA kit (Invitrogen) per the manufacturer's protocol.
Isolation and Cultivation of Adult Mouse Hepatocytes. Mouse hepatocytes were isolated from adult male C57BL/6 wild-type and Clock −/− mice after twostep perfusion as described previously (47) with some modifications. Liver perfusion was performed on deeply anesthetized mice through the inferior vena cava using peristaltic pump at a rate of 3-4 mL/min. The liver was E2464 | www.pnas.org/cgi/doi/10.1073/pnas.1206274109 Spengler et al.
perfused with EGTA (0.5 mM EGTA in PBS without calcium and magnesium) following 0.02% collagenase type IV (Sigma) in DMEM. After perfusion, the liver was dissected, disrupted in DMEM, and filtered through 40-μm cell strainers. Cells were allowed to sediment for 20 min at +4°C, after which the pellet was dissolved in 20 mL of DMEM and overlaid on the top of a two-step Percoll gradient [50% and 25% Percoll (wt/vol) in PBS]. Purified hepatocytes were collected from the bottom of the tube after centrifugation at 1,750 × g for 20 min and were resuspended in DMEM supplemented with 10% (vol/ vol) FCS. Cells were plated at a density of 70 × 10 3 nuclei/cm 2 and were allowed to attach for 1-1.5 h. Then the medium was replaced with William's E medium (Invitrogen) supplemented with 10% FCS, penicillin/streptomycin, 2 mM glutamine, 10 mM nicotinamide, ITS (insulin, transferrin, sodium selenit), 50 ng/mL EGF, and 10 −7 M dexamethasone (48) . The typical yield was 40-50 × 10 6 hepatocyte nuclei per mouse liver with 90-93% viability.
Hepatocyte Treatment with CBLB502 and Immunostaining. After 24 h hepatocyte cultures were treated with CBLB502 at 100 ng/mL for 30-120 min.
Cultures were fixed with 4% formaldehyde in PBS for 10 min at room temperature, washed with PBS, and blocked from unspecific antibody binding by incubation for 10 min with 2% glycine in PBS with 0.2% Triton X-100 and 0.2% Tween-20. Primary antibody (rabbit antibody against p65; ChiP grade, 1:200 dilution) (Abcam) was mixed with Alexa Fluor 594-or Alexa Fluor 647-conjugated phalloidin (1:100 dilution) (Invitrogen) and incubated with cultures for 30-45 min at room temperature followed by washing with PBS and incubation with secondary donkey anti-rabbit DyLight488 antibody (1:500 dilution) (Jackson ImmunoResearch) for 30 min at room temperature. Primary and secondary antibodies were diluted in blocking solution (5% normal donkey serum, PBS, 0.2% Triton X-100, 0.2% Tween-20). After washing with PBS cultures were mounted in ProLong antifade reagent (Invitrogen) with DAPI (DNA counterstain) and were studied under an AxioImager Z1 fluorescent microscope (Carl Zeiss Inc.). Images were captured by an AxioCam MRm digital camera (Carl Zeiss Inc.) using AxioVision software (rel.3.4.6; Carl Zeiss Inc.).
Statistical Analyses. All experiments were performed in triplicate unless stated, all values are presented as mean ± SD. Statistical analyses were performed with SigmaStat 3.5 (Systat Software) using log-rank analysis for survival curves, Student's t test for two-group comparisons, and ANOVA for comparisons of more than two groups with post hoc Tukey's test. P values <0.05 were considered significant.
